Refinement of a solidified structure of aluminum alloys by an electromagnetic method in which oscillation was locally imposed by a simultaneous imposition of a static magnetic field and an alternating current has been investigated. In the viewpoint of potential energy, stable positions of a primary solid particle precipitated during solidification were theoretically predicted under the consideration of the gravitational force and the magnetization force acting on the particle, and furthermore, moving time of the primary particle in a melt was derived. In the experiment, a refined structure was obtained for an Al-6mass%Si by imposing the electromagnetic vibration while a macro-structure of an Al-15mass%Si was not refined by this method. The primary phase of b precipitated in the liquid Al-15mass%Si was mainly observed at the theoretically predicted positions. But the primary phase of a in the Al-6mass%Si was observed in the whole area of the sample though the theoretically stable position was the bottom in the sample. The discrepancy between the theoretical prediction and the experimental result can be explained by the moving time of primary particles, which is not enough in the experiment to reach the stable position in the case of the Al-6mass%Si.
Introduction
It is well known that the mechanical properties of a metal or metallic alloy, such as strength and toughness, are highly dependent on its grain structure. 1) Consequently, many techniques have been developed to refine our control over the structure. One of the commonest techniques is inoculation. This is a very useful method for casting ingots of cast iron and aluminum. However, the elements added for inoculation may impair the recycling of the metal. Rapid cooling is also an excellent way to refine the structure, but it is impossible to apply to large products because the rate at which heat can be extracted from a body of metal decreases with size.
Oscillation is also an attractive tool because it promotes nucleation in a liquid.
2) A structure can be refined by mechanically oscillating a vessel filled with liquid metal during solidification. However, this method is difficult to apply to large products because of the large amount of energy required to oscillate a metal-filled vessel. A method of oscillation has been proposed that uses electromagnetic excitation, and some researchers have succeeded in refining structures by simultaneously imposing an alternating current and a static magnetic field on a sample. 3, 4) However, this method is also difficult to apply to industrial processes, because an alternating current flows chiefly in the vicinity of the metal surface (electromagnetic skin layer), while solidification is also occurring in the inner parts where the electrical current does not flow.
Compression waves are another attractive tool, because they can introduce oscillation into a metal irrespective of product size since the oscillation is introduced locally and is propagated as waves to every solid-liquid interface. However, this too encounters some obstacles in industrial applications. A piezo-electric transducer or a magnetostrictive transducer, which are classically used to excite compression waves, cannot work in a high-temperature environment and their output power is not enough for an industrial scale process. To resolve the former problem, compression waves excited by a transducer can be introduced into a liquid metal through a transmitter. However, the melt is contaminated by dissolution of the transmitter. Various electromagnetic excitation methods of producing compression waves in a liquid metal have also been proposed. [5] [6] [7] It has been reported that compression waves excited by the simultaneous imposition of a static magnetic field and an alternating current can refine the solidified structure of a Sn-Pb alloy. 7) If a strong magnetic field is imposed on a liquid metal, not only compression waves but also transverse waves called Alfven waves can propagate in the electrically conductive fluid 8, 9) and both waves can propagate locally imposed oscillations in a metal all the way to the solid-liquid interface.
The current study investigates the refining of hypo-eutec-tic and hyper-eutectic aluminum silicon alloys using an electromagnetic method in which oscillation is excited locally by the simultaneous imposition of a static magnetic field and an alternating current.
Experiment

Experimental Apparatus
Two Al-Si alloys were used in this study. One was a hypo-eutectic alloy of Al-6mass%Si and the other one was a hyper-eutectic alloy of Al-15mass%Si as shown in Fig. 1 . The liquidus and eutectic temperatures of both alloys are the same at 625°C and 577°C, respectively. A schematic view of the experimental apparatus is shown in Fig. 2 . A cylindrical alumina vessel with an inner diameter of 24 mm filled with 54 g of an Al-Si alloy was set in the bore of a super-conducting magnet generating a static magnetic flux density of 10 T. The height of the liquid sample was about 50 mm. Temperature was measured by a thermocouple 20 mm above the bottom of the vessel. A sample was heated to 800°C by a high-frequency induction heater under an argon atmosphere to prevent oxidation and held at 800°C for 5 min to ensure the homogeneity of the sample. Then the high frequency power source was turned off and a pair of tungsten electrodes was inserted about 10 mm into the sample. When the temperature of the sample reached 670°C (45°C higher than the liquidus temperature), an alternating current with a frequency of 1 kHz was imposed through the electrodes and remained on until the temperature decreased to 550°C. As a result, during this period an electromagnetic vibration was excited in the electromagnetic skin layer of the sample, which was 7.1 mm in this experiment. The alloys were also solidified with neither a static magnetic field nor an alternating current imposed, and with just one of them applied. The experimental conditions are summarized in Table 1 . In this experiment, the super-conducting magnet, the sample and the electrodes were independently supported to prevent propagation of vibrations, including those excited by the Lorentz force in the lead wires and/or in the electrodes themselves.
The primary phase of the hypo-eutectic alloy (Al-rich (a phase)) shows dendritic morphology while that of the hyper-eutectic alloy grows as faceted crystal (Si-rich (b phase)). Table 1 . Electromagnetic field adopted in experiment.
Prediction of Electromagnetic Force Acting on a
Sample Physical properties used in the calculation are summarized in Table 2 . The electrical current density, J in a sample is estimated using the assumption that the cross-section through which a current passes includes the electromagnetic skin layer of the melt between the electrodes. (2) where m is the magnetic permeability of the liquid phase, s is the electrical conductivity of the liquid phase and w is the angular frequency of the alternating current.
When there is no external magnetic field, the Lorentz force F 1 is generated by the interaction between the imposed alternating current and its induced magnetic field B induced and it can be estimated from Ampere's law When an external static magnetic field B ex is imposed on a sample, another Lorentz force F 2 due to the interaction between the imposed alternating current and the external static magnetic field B ex is dominant, and the Lorentz force calculated by Eq. (3) is negligible. The magnitude of the Lorentz forces in each experimental condition, estimated by using Eqs. (3) or (4) are shown in Table 3 .
Results and Discussion
Solidifying Structure of Al-6mass%Si
The cooling curves obtained in the experiment with Al6mass%Si alloy are shown in Fig. 3 . Imposing a magnetic field decreased the cooling time of a sample. Cooling time was also affected by Joule heating from the alternating current. However, the effect of cooling rate on the structure appeared negligible.
The macro-and micro-structures of the samples obtained in the experiment are shown in Figs. 4 and 5, respectively. Porosity is mainly observed around the center of the samples in all the experimental conditions (Fig. 4) . When the Table 2 . Physical properties adopted in calculation. Table 3 . Electromagnetic force acting on sample. electromagnetic vibration was not imposed, coarse grains composed of dendrites were obtained (Figs. 4 and 5) . In contrast, all of the observed area of the samples that solidified during the electromagnetic vibration was fine grained, despite the fact that the electromagnetic skin layer of 7.1 mm was less than the sample length of 50 mm. Each small grain is composed of equiaxial dendrites with secondary arm spacing of about 60 mm. This value is very close to that of about 60 mm measured in the sample solidified without vibration. One of the refining mechanisms in this experiment might be that dendrites broken by the electromagnetic force scatter in the sample, though no evidence can be shown for this, and other mechanisms might exist.
Solidifying Structure of Al-15mass%Si
The cooling curves obtained in the experiment with Al15mass%Si are shown in Fig. 6 . As was observed in the previous section, the cooling time of a sample in a magnetic field was shorter than that without a magnetic field, and that with an electrical current was longer than that without an electrical current.
Macro-structures obtained in the experiment are shown in Fig. 7 . Large porosities were formed in the center of the sample when neither a magnetic field nor an electrical current was imposed. When the sample was solidified without a magnetic field, primary particles gathered in the upper region of the sample. In contrast, when the sample was subjected to the 10 T magnetic field, primary particles were mainly observed at the upper and lower regions in the sample, though some of them were observed at the center region. That is, the primary b phase is mainly observed at the positions where the potential energy mentioned below is stable. The micro-structures observed in the upper region of the sample are shown in Fig. 8 . The grain sizes of the primary b phase are approximately 100 mm under all experimental conditions.
Moving Time of a Primary Phase
The driving forces on a primary particle precipitated in a liquid include not only gravitational (buoyancy) and magnetic forces but also pressure from fluid motion. For convenience, the former two forces are estimated and the convection term is neglected in this section, since primary particles may move to stable positions of minimum potential in a sample. The former two forces can be expressed with reference to potential energies. The total potential energy, U is the sum of a gravitational potential energy, U g and a magnetic potential energy, U m as in: where B is magnetic flux density, g is the acceleration of gravity, z is the vertical position of a primary particle, m 0 is the magnetic permeability of vacuum, r is density, c is the magnetic susceptibility, and subscripts L and S indicate liquid and solid. The volumetric force density acting on a primary phase can be calculated as the gradient of the potential. (6) Potential distributions in the bore of the super-conducting magnet for each experimental condition are shown in Fig. 9 , calculated in cylindrical coordinates in which the top and the bottom of the sample are located at zϭ135 mm and at zϭ85 mm, respectively. The radial gradient of the potential is negligible in all cases. For Al-6mass%Si alloy, the potential distributions with and without a magnetic field resemble each other because the gravitational potential is dominant in both conditions. A primary particle moves toward the bottom of the vessel due to the density difference of the solid and liquid phases. For the Al-15mass%Si alloy, the potential distribution depends strongly on the magnetic field because of the large difference in magnetic susceptibilities between the liquid and solid phases. The position where the magnetic field is the strongest is zϭ115 mm, creating a potential peak there when the magnetic field is imposed on a sample. Thus the stable positions for primary particles precipitated in the liquid phase are the top and the bottom of a sample when a magnetic field is imposed, while primary particles gather around the top when a magnetic field is not imposed. Typical potential forces acting on a primary particle are evaluated in Fig. 9 and summarized in Table 4 .
The mobility of a primary particle in a liquid decreases as the proportion of solid fraction increases. The critical solid fraction above which a primary solid particle cannot move in a liquid is usually about 30 % for a particle that is larger than the dendrite arm spacing. 16, 17) The solid fraction of Al-6mass%Si alloy just above the eutectic temperature is 56.7 %, which is surely larger than the critical value. Thus any primary phase that precipitates in the latter stage of the solidification cannot move in the melt. The discussion of whether or not a primary particle is moved by the potential force should come to an end when it is difficult to distinguish the origin of a primary particle, and thus impossible to determine whether it was moved by some potential force to a stable position or it precipitated at that position. In the case of the Al-15mass%Si alloy, precipitation of the prima- ry b phase ends when the solid fraction reaches 3.7 %. At that point all of the primary particles can move in the melt. The theoretical moving time can be estimated as follows. When a spherical primary particle of radius r moves at velocity v in a liquid, not only the driving force given by Eq. (6) but also a drag force acts on it. Then the equation of motion is as follows when the drag force can be estimated by Stokes' law.
.................. (7) where h is viscosity.
With the following initial condition, Then Eq. (10) can be used for the Al-15mass%Si alloy since the typical size of the primary phase is 100 mm.
On the other hand, if a static magnetic field is imposed on a melt, the velocity of a primary particle decreases due to the interaction between the fluid motion surrounding the particle and the magnetic field. The particle velocity is approximately indicated by the following equation when the Hartmann number, Ha is greater than unity. [12] [13] [14] [15] where, The maximum and minimum sizes of the particle are determined by the following relations. These requirements are satisfied for the Al-15mass%Si alloy.
The time for a primary particle to move length, l is easily calculated as follows. The relationship between the moving time of a primary particle and its radius was calculated for the case in which the moving length of the particle is 50 mm when the magnetic field is not imposed and 30 mm when the magnetic field is imposed, and the result is shown in Fig. 10 . The moving time decreases with increasing particle size.
Experimental moving times are read from Fig. 6 on the assumption that the quantity of solid fraction was propor- Table 4 . Volumetric force density acting on primary phase. tional to the solidifying time when the sample temperature was at the eutectic. These are compared with the theoretical moving times estimated by using Eq. (15) , and the result is shown in Table 5 . The experimental moving times are shorter than the theoretical ones in both cases. Thus complete separation of primary b due to the potential force is difficult under these conditions. When a magnetic field is not imposed on the sample about 70-80 % of primary b can reach the stable positions, while only about 20-30 % of primary b can reach at the stable positions if the sample is immersed in the magnetic field. This result qualitatively agrees with the experimental one. That is, the primary b is mainly observed in the upper region of the sample if the magnetic field is not imposed, while it is mainly observed in the upper and lower regions of the sample (though some appears in the center) when the magnetic field is imposed.
Conclusion
A newly proposed method for refining the grain structures of solidifying alloys using the simultaneous local imposition of a static magnetic field and an alternating current was applied to Al-6mass%Si alloy and Al-15mass%Si alloy.
The main results we obtained are as follows: • A refined structure is obtained for Al-6mass%Si alloy by imposing an electromagnetic vibration, while the macrostructure of Al-15mass%Si alloy is not refined by this method.
• The primary b phase in the Al-15mass%Si alloy is mainly observed at the stable minimum positions of the potential energy field.
